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Chapter 1: Background & Outline of Present Thesis 
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In recent years, environmental problems such as global warming and exhaustion 
of fossil fuels have become international issues.  In the manufacturing industry, 
development of low-energy manufacturing process as well as technologies for 
utilizing eco-friendly feedstock is active area of research.  In general, target 
products, unreacted raw materials and by-products are generated through 
chemical synthetic process, and the resulting mixture is subjected to subsequent 
separation and purification process.  Several separation and purification 
techniques such as methods utilizing distillation, chromatography and membrane 
have been developed.  However these techniques are very useful and important in 
industry, they are relatively energy intensive and need larger amount of solvent.  
When adequate condition is set, high-purity solid of the target product can be 
obtained through crystallization process.  That is, crystallization process has an 
advantage that purification and high-degree concentration are achieved 
simultaneously, and is eco-friendly separation and powderization process. 
 
Crystallization process is widely used in the food, fine chemical and 
pharmaceutical industries, and I discuss crystallization process of pharmaceuticals 
in this paper.  Crystallization processes are influenced by the following factors; 
solubility, supersaturation, seed loading, crystal shape factor, agitation, growth 
rate kinetics, nucleation rate kinetics, agglomeration kinetics, etc.  However these 
factors, its effect on product and crystallization kinetics are systemized in the field 
of crystallization engineering, a crystallization model considering all possible 
factors is very complex and requires many kinetic and/or physical parameters, and 
it needs long-time and considerable experimental trial-and-error to estimate these 
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parameters.  In many cases of pharmaceuticals key objectives of crystallization 
process are impurity rejection and polymorph control.  It is often the case that 
controlling supersaturation and then avoiding the undesired nucleation 
throughout crystallization process are sufficient to achieve the objectives.  It is 
one of needs of industry, especially pharmaceutical industry, that crystallization 
process is optimized (controlling the supersaturation throughout the process) with 
short time and minimal preliminary experimental runs for parameter estimations.  
I worked on this issue in this paper and developed an easy and quick optimization 
procedure to develop a robust and proper crystallization process of batch cooling 
crystallization and anti-solvent addition crystallization in Chapter 2 and 3 
respectively.  The developed optimization procedure has feature of use of in-line 
analytical techniques such as in-situ FTIR spectroscopy (React IRTM) and in-situ 
measuring equipment of particle size distribution (FBRM).  In Chapter 4, using 
FBRM real-time monitoring technique, a nucleation behavior of a pharmaceutical 
was investigated in semi-batch drowning-out crystallization. 
 
In recent years, it has been reported that for pharmaceutical products with low 
aqueous solubility, fine particles are desirable for enhanced oral bioavailability.  
One of industrially useful ways to create fine particles is through crystallization 
while enhancing nucleation (bottom-up method) especially for compounds that 
have no effective milling techniques. Crystallization under the conditions of high 
mixing intensity, high-shear force, high magma density, and high supersaturation 
is a promising way to generate fine particles through a secondary nucleation 
process.  In our previous study, we proposed a new crystallization semi-batch 
process that consists of a crystallizer with an external circulation line and 
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conducted pilot-scale production of the API through the process.  In Chapter 4, as 
a basic study of the process, behavior of secondary nucleation under a high degree 
of supersaturation is investigated by using a semi-batch crystallizer and in-line 
monitoring technique FBRM. 
  - 5 - 
 
 
 
 
 
 
 
 
 
Chapter 2: Design of Constant Supersaturation Cooling 
Crystallization of a Pharmaceutical 
: A Simple Approach 
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Introduction 
 
Crystallization is an important separation and purification technique used in 
the food, fine chemical and pharmaceutical industries (Fujiwara et al., 2005).  
Especially in the pharmaceutical industry, crystallization processes are widely 
used as the final purification step in the manufacturing of active pharmaceutical 
ingredients (APIs).  The operating conditions of the crystallization process 
strongly affect the physical properties of the final product such as purity, 
morphology (crystal shape), polymorphic form (crystal form) and particle size 
distribution (PSD).  These properties could significantly impact the downstream 
operations, such as filtration, drying and formulation, and the drug efficacy, such 
as bioavailability.  A crystallization process, in which crystal growth 
predominates over nucleation, is preferred because an increase of nucleation may 
result in decrease in impurity rejection, generation of undesired polymorph and 
occlusion of solvent.  Especially polymorph control is one important issue in this 
study since the solubility of one undesired polymorph was relatively close to that of 
the desired polymorph.  Therefore to design a crystallization process, a critical 
factor is how to control the supersaturation to avoid the undesired nucleation, and 
its quantification is essential for a development of a scaleable process. 
Batch cooling crystallization, along with anti-solvent addition crystallization, is 
extensively used in the pharmaceutical industry because of its simplicity and 
flexibility in the operation.  The level of supersaturation can be controlled by 
adjusting the cooling rate and/or the seed loading.  There are three types of 
cooling trajectory are shown in Figure 1 (Mullin, 2001). 
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Fig.1 Typical cooling trajectories employed in batch cooling crystallization. 
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Natural cooling represents the case where a crystallizer is cooled down naturally.  
And its trajectory is determined by the temperature of the coolant and the heat 
transfer capability of the crystallizer, and is expressed as the following Eq. (1), 
where Tin, Tfin and T are temperatures at the beginning, at the end and at any time 
t in the process, and τ is the dimensionless time.  Natural cooling is the simplest 
method but results in an exponential fall in temperature with time and produces a 
supersaturation peak in the early stages of the process that might cause undesired 
secondary nucleation. 
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The basic concept of controlled cooling was proposed and experimentally verified 
by Mullin and Nyvlt (1971).  They derived Eq. (2) for an approximate optimal 
cooling trajectory, which is shown and named as controlled cooling in Figure 1.  In 
short, it considers the supersaturation balance equation on the assumptions such 
as supersaturation is low and constant enough so that crystal growth occurs only 
on the added seeds with negligible nucleation.  It also assumes that the crystal 
growth rate depends neither on the crystal size nor on the temperature. 
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tend is batch operating time. 
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Jones and Mullin (1974) showed in their research based on computer 
simulations the potential advantages of controlled cooling in compared with 
natural or linear cooling.  Rohani and Bourne (1990) also derived theoretically a 
temperature trajectory at constant supersaturation, and the derived temperature 
trajectory was similar to that of controlled cooling trajectory by Mullin and Nyvlt. 
Batch cooling crystallization processes are influenced by many factors such as 
solvent, solubility, cooling trajectory, seed amount and size, agitation, growth and 
nucleation rate kinetics, agglomeration kinetics etc.  A crystallization model 
considering all possible factors is very complex and requires many kinetic and/or 
physical parameters.  Choong and Smith (2004) developed the methodology of 
optimizing a highly non-linear mathematical model of batch cooling crystallization, 
and optimized variables simultaneously including the cooling trajectory, seed size 
and amount, batch operating time, initial and final temperatures. 
Therefore, the first goal in this study is to find out the “optimal cooling” 
trajectory, that can keep the supersaturation at a certain level throughout the 
process.  And the second goal is to develop a simplified procedure to develop a 
robust crystallization process in a short period of time. 
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1. Methodology 
 
In order to model the crystallization processes, basic mass balance equations are 
employed.  A few assumptions are made in order to simplify the crystallization 
model.  The assumptions are 
i. Negligible nucleation, agglomeration and breakage of crystals 
ii. Growth only on the seed and constant crystal shape factors 
iii. Size independent crystal growth and no growth rate dispersion 
iv. Uniform suspension of slurry in the crystallizer 
Concentration C in the liquid phase and the solubility Cs are represented with 
the unit of g/g(total solvent weight W).  In the liquid phase, the dissolving solute 
M [g] is expressed by multiplying the concentration C [g/g-solvent] and the solvent 
weight W [g], 
 
WCM          (3)  
 
The Burton-Cabrera-Frank (BCF) surface diffusion theory is often employed for 
the crystallization kinetic expression and is given by 
 
grategrowthcrystal Vv)(       (4) 
 
where g = 1 at high supersaturation, g = 2 at low supersaturation and σ is the 
relative supersaturation, which is defined by 
  - 11 - 
 
s
s
C
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In this study, the power g is set to 2.  Description of the BCF growth equation 
can be found in Mohan and Myerson (2002).  The crystal surface area A [m2] 
should be taken into consideration in the expression of overall crystal growth rate.  
In this study, the rate of solute decrease, which is equal to the crystal growth rate, 
is given by 
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where kg [g/m2/h] is the growth rate coefficient, which is a function of temperature 
T [°C].  The crystal surface area can be expressed by Eq. (7) based on the 
assumption of growth only on the seed. 
3
2
0
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where A0 [m2] is the initial surface area of seed, P [g] is weight of crystal and P0 [g] 
is initial solid weight which is equal to the initial mass of seed. 
An overall mass balance equation is given by Eq. (8). 
 
MMPP  00        (8) 
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From Eqs. (3), (7) and (8), the growth rate Eq. (6) can be expressed as a function of 
concentration in the liquid phase, the growth rate coefficient and the solubility. 
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where kgA0 is replaced by kg’. 
The solubility Cs of compound of interest is expressed as a function of 
temperature T and the supersaturation Ss [-] is defined by 
 
s
s
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2. Experimental 
 
2.1. Experimental Apparatus 
 
All the experiments have been performed in a Mettler-Toledo RC1 reaction 
calorimeter equipped with React IRTM 1000 system, the lasentec focused beam 
reflectance measurement (FBRM) D600 system, a thermocouple and an overhead 
blade stirrer.  RC1 Mettler-Toledo reaction calorimeter provides an accurate 
control of the batch temperature and the agitation speed.  A schematic of the 
experimental apparatus is shown in Figure 2. 
Dunuwila and Berglund (1997) pointed out in their research the feasibility of 
infrared spectroscopy for the in-situ measurement of supersaturation in 
crystallization processes.  In this study the batch was monitored by ReactIRTM 
and FBRM.  The ReactIRTM monitors real-time mid-infrared spectroscopy from 
4000 to 650 cm-1 at 2-min intervals during the crystallization.  Laser 
backscattering, also known as Focused Beam Reflectance Measurement (FBRM), 
is widely used in the pharmaceutical industry to measure changes in the crystal 
size and amount.  It measures the chord length distribution (CLD) of particles in 
the slurry.  In this study FBRM was used for the monitoring of fine particles 
generation, i.e. nucleation, and fine particles dissolution. 
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Fig. 2 A schematic of the experimental apparatus. 
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2.2. Experimental Procedure 
 
In this study, re-crystallization of compound A, which is a pharmaceutical 
organic compound with molecular weight ca. 400 and both aromatic and 
heteroaromatic rings, from its solution in DMF/water was investigated.  
Crystallization experiments were carried out in one liter jacketed glass vessel.  
The stirrer speed was kept at 500 ppm so that the batch was well-mixed.  To it 
were added compound A (51.0 g) and DMF/water mixture (410 g, water 7.8 wt%) 
successively.  The batch was heated to 60 °C in order to dissolve compound A 
completely.  The solution was cooled to 50 °C resulting ca. 13 % supersaturated 
solution.  Seed (1.0 g, 2 wt% and 3-5 μm mean particle size) was added and 
resulting slurry was aged for one hour at 50 °C.  A relatively large amount of 
milled fine seed was introduced to the batch to avoid the secondary nucleation.  
And then the batch was cooled to 20 °C following several types of cooling 
trajectories including natural, controlled and multiple-step cooling.  Multiple-step 
cooling was applied in the experiment that was designed for the estimation of 
crystal growth parameters (see Section 4.3). 
The batch was monitored by in-situ IR every two minutes during crystallization 
and small aliquots were also sampled intermittently for HPLC analysis.  The 
smoothed second derivative of IR spectra was then calibrated with concentration 
data by HPLC. 
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3. Computation 
 
Numerical simulation was carried out using MATLAB®.  A simulation program 
was made based on the model described in Chapter 1. 
The simulation program consists of simple step-forward calculation.  Provided 
the initial conditions, P0, M0, W, C0, Tin and a temperature profile as the function of 
time Tt, concentration C, supersaturation Ss and the growth rate –dM/dt can be 
predicted by computation following the program algorithm, which is shown in 
Figure 3. 
At each moment, the change of concentration in a small increment time Δt can be 
calculated from Eq. (9), then Ct+∆t is derived by Eq. (11) as below and Ss is derived 
from Eq. (10). 
 
W
t
dt
dMCC
t
ttt
'
¸¸¹
·
¨¨©
§ '       (11) 
 
The program calculates repeatedly until the end which gives the profiles of C, Ss, 
and the growth rate throughout a process. 
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Fig. 3. A schematic of algorithm for the Ss profile calculation. 
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4. Results and Discussion 
 
4.1. Quantification of Solution Concentration by IR spectroscopy 
 
Infrared spectra were recorded using ReactIRTM during crystallization and the 
smoothed second derivative of spectra in the region of interest is shown in Figure 
4(a).  Data processing was performed using the mathematical software MATLAB®.  
Peaks at 1650, 1385, 1255 and 1090 cm-1 shown in Figure 4(a) are typical to the 
solvent, DMF, while small peaks in the range from 1000 to 900 cm-1 are expected to 
be from compound A because DMF has no specific peaks in that range of 
wavenumber. 
The calibration curve was determined utilizing two selected peaks in the second 
derivative of infrared spectra.  While the peak at 920 cm-1 shown in Figure 4(b) 
monitors the concentration of compound A, the reference peak at 1385 cm-1 shown 
in Figure 4(c) acts as an internal standard.  The reference peak remains 
essentially constant when batch temperature is kept constant.  In the case of 
Figure 4(c), the reference peak has approximately three reference lines because the 
batch was cooled down following three steps in the multiple-step cooling trajectory. 
Calibration curve is shown in Figure 5.  It was established by plotting the ratio 
of peaks of second derivative of IR absorbance at 920 and 1385 cm-1, which are 
expressed as A”920 and A”1385 respectively, versus the concentration of compound A 
and it shows a good linear relation between IR spectra and HPLC assay.  
Supersaturation is not directly measured but is calculated using this calibration 
line. 
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Fig. 4. IR absorbances data processing: (a) the smoothed second derivative (b) the 
concentration related peak (c) the reference peak. 
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Fig. 5. A calibration plot for concentration. 
  - 21 - 
 
4.2. Seed Age 
 
In the experimental runs, the batch was monitored using FBRM before seed was 
added to a supersaturated solution in order to confirm that the solution remained 
clear without nucleation.  Decrease in concentration in one hour seed age period is 
shown in Figure 6. 
At time zero seed was added.  Supernatant concentration is ca. 0.116 g/g and 
supersaturation is 5–7 % after one hour of seeding with good reproducibility, which 
was set as initial conditions of simulation in this research. 
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Fig. 6. Decrease in concentration during seed aging. 
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4.3. kg and Cs Estimation by Stepwise Cooling Experiment 
 
In order to obtain growth rate coefficient kg and the solubility Cs in the 
temperature range of interest, a multiple-step cooling experiment was conducted.  
The batch was cooled down following the multiple-step cooling trajectory shown in 
Figure 7. 
The concentration was monitored in the experimental run utilizing IR 
absorbances as described in Section 4.1.  And a growth rate –dM/dt at each time 
can be derived from Eq. (11), where ∆t equals 2 minutes because infrared spectra 
were monitored at 2-min intervals. 
Relationship between the experimental growth rate –dM/dt and the temperature 
trajectory are also shown in Figure 7.  At the points of step cooling, –dM/dt 
increased steeply.  On the other hand, when temperature was kept constant, 
–dM/dt decreased gradually, and so were the concentration and supersaturation.  
Equation (9) was fitted to this desupersaturation curve at each temperature 
considering kg and Cs as fitting parameters, and results are shown in Figure 8 and 
Table 1.  
  - 24 - 
 
 
Table 1. Estimated values of kg and Cs at each temperature. 
 
k g  [g/h] C s  [g/g]
20 12.2 0.053
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40 55.0 0.085
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Fig. 7. A growth rate profile in the multiple-step cooling crystallization. 
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Fig. 8. A parameter estimation by curve fitting: (a) at 50°C (b) at 40°C (c) at 30°C 
(d) at 20°C. 
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kg and Cs are expressed as a function of T [°C] as shown in Eqs. (12) and (13), 
and also shown in Figure 9. 
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Fig. 9. Comparison of estimated values listed in Table 1 with Eqs. (12) or (13): (a) 
the growth rate coefficient (b) the solubility data of compound A in DMF/water 
(water 7.8 wt%). 
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kg’ and Cs of the compound and the solvent system of interest, which were 
essential parameters in the crystal growth model as described in Chapter 1, were 
obtained simultaneously by a single multiple-step cooling experiment.  Equations 
(12) and (13) are utilized in the following simulation sections. 
As mentioned above, the growth rate constant kg’ is a function of temperature T 
and, in general, expressed as following, 
 
  ¸¸¹
·
¨¨©
§
 273exp0g TR
Ek'k a       (14) 
 
where k0 and R are the frequency factor and the gas constant respectively.  
Activation energy is derived by comparing Eq. (12) with Eq. (14), and it is found 
that Ea of compound A in this solvent system is 68 kJ/mol.  Tavare (1994) 
mentioned that, in general, a common range of Ea is 10–80 kJ/mol and at a range of 
40–80 kJ/mol, crystal surface integration is considered to be the growth rate 
determining step.  We like to point out that the crystal growth rate of compound A 
in DMF/water (water 7.8 wt%) has a high temperature dependency. 
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4.4. Natural and Controlled Cooling 
 
Natural and controlled cooling crystallization experiments were carried out.  A 
batch was cooled down following Eq. (1) for natural cooling (τ = 1) or Eq. (2) for 
controlled cooling.  Experimental profiles of the supersaturation Ss the growth 
rate –dM/dt and the temperature trajectory are shown in Figure 10 and Figure 11 
respectively. 
It was found that natural cooling experiments produced a supersaturation peak 
at the early stage of the process, whereas controlled cooling experiments peaked at 
the late stage of the process.  These results showed that natural or controlled 
cooling is not adequate to keep the supersaturation at a certain level in the case of 
compound A and the solvent system chosen.  Especially it is pointed out that 
controlled cooling could not be applied for general use to keep constant 
supersaturation even though it is derived based upon the assumption of constant 
supersaturation. 
Corresponding numerical simulations were conducted with the crystal growth 
model and computation algorithm described above (see Chapter 1 and 3).  
Simulation results of profiles of the supersaturation and the growth rate through 
natural and controlled cooling crystallization are also shown in Figure 10 and 
Figure 11 respectively.  The numerical simulations gave good agreement with 
experimental results. 
It was confirmed that an adequate simulation could be possible with this 
simplified crystal growth model and with physical and kinetic properties estimated 
by the multiple-step cooling experiment.  Once the model was sufficiently 
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accurate, it was used for computing the optimal cooling trajectory in the following 
section. 
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Fig. 10. Experimental data and simulation results (natural cooling). 
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Fig. 11. Experimental data and simulation results (controlled cooling). 
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4.5. Optimal Cooling 
 
4.5.1. Computation of the Optimal Cooling Trajectory 
 
In this study, it is considered that an “optimal cooling” trajectory means a 
trajectory which keeps the supersaturation at a certain level throughout the 
process.  Based on the model above (see Chapter 1), an optimal cooling profile was 
obtained by the algorithm shown in Figure 12. 
Provided the initial conditions, P0, M0, W, C0, Tin, temperature T at t = t + ∆t can 
be calculated to maintain the supersaturation at the set value Ss,set of 17 %.  In 
detail, temperature T at t = t + ∆t can be calculated from both Eqs. (13) and (15) by 
Newton’s Method, where Ss,set = 17 % and concentration C at t = t. 
 
0
1
)(
,
  setss S
CTC        (15) 
 
And then concentration C at t = t + ∆t, is calculated from Eqs. (9), (11) and (12).  
The program calculates repeatedly until temperature reaches the end temperature, 
Tfin = 20 °C, and gives the optimal cooling trajectory throughout a process.  The 
obtained trajectory is shown in Figure 13, line (1). 
After 1 hour of seeding, that is, at the starting point of simulation, the 
supersaturation level is ca. 7 % as described in Section 4.2.  Therefore at the 
initial calculation step, i.e. at t = ∆t, this simulation results a sharp drop in the 
temperature in order to raise the supersaturation to the target degree, 17 %.  In 
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order to avoid the unrealistic temperature drop, the maximum cooling rate is set at 
-0.5 °C/min and the optimal cooling trajectory for constant supersaturation 
experiment is recalculated.  A resulting modified optimal cooling trajectory for 
constant supersaturation experiment is shown Figure 13, line (2). 
The obtained trajectory is sub-linear and unlike natural or controlled cooling 
trajectory as shown in Figure 13. 
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Fig. 12. A schematic diagram of algorithm for the optimal temperature trajectory 
calculation 
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Fig. 13. An optimal cooling trajectory obtained by numerical simulation. 
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4.5.2. Constant Supersaturation Experiment 
 
A crystallization experiment was carried out in order to demonstrate the cooling 
trajectory obtained by numerical simulation as described in the previous section.  
After 1 hour seed aging, the resulting slurry was cooled following the modified 
optimal cooling trajectory shown in Figure 13, line (2).  The batch was monitored 
by ReactIRTM and obtained infrared spectra were processed to calculate the 
supernatant concentration C profile.  Growth rate –dM/dt and supersaturation Ss 
at each time were calculated by Eqs. (10), (11) and (13), and these profiles are 
exhibited in Figure 14. 
As shown in Figure 14, in the first 30 min of the experimental run, 
supersaturation was raised steeply to the target value of 17 % from the initial 
value of 7 %.  After this period, as intended by numerical simulation, the 
supersaturation was kept constant to the end.  It was confirmed experimentally 
that by following the cooling trajectory estimated by the numerical simulation in 
Section 4.5.1, supersaturation was kept at a certain level throughout the 
crystallization process. 
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Fig. 14. Results of the constant supersaturation experiment; the supersaturation 
and the growth rate profiles. 
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5. Chapter Conclusion 
 
In this study, we developed a simplified procedure to design a temperature 
trajectory for maintaining the supersaturation of a batch cooling crystallization.  
An overall view of the procedure is illustrated in Figure 15. 
The simplified crystal growth model requires only two parameters, crystal 
growth rate constant and solubility, which are functions of temperature and could 
be obtained simultaneously by conducting a single experiment with multiple-step 
cooling.  To validate the model, natural cooling and controlled cooling experiments 
were conducted.  The numerical simulations based on the model gave good 
agreement with experimental results of natural cooling and controlled cooling 
experiments.  Finally, it was confirmed experimentally that supersaturation 
throughout the crystallization process was kept almost constant by following the 
cooling trajectory predicted by the numerical simulation for constant 
supersaturation. 
This simplified procedure could be applied generically to other pharmaceutical 
and fine chemical compounds. 
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Fig. 15. A schematic of the procedure for optimal cooling crystallization process.
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Nomenclature 
 
A  total surface area of crystal [m2] 
A0  surface area of seed crystal  [m2] 
C  concentration [g(g-solvent)-1] 
Cs  solubility [g(g-solvent)-1] 
g  growth order [-] 
kg  growth rate coefficient [gh-1m-2] 
kg’  growth rate coefficient [gh-1] 
M  weight of compound A dissolving in solution [g] 
P  weight of compound A in solid phase [g] 
P0  weight of seed [g] 
Ss  supersaturation [%] 
t  operation time [h] 
tend  end time of operation [h] 
T  temperature [°C] 
Tin  initial temperature of cooling [°C] 
Tfin  final temperature of cooling [°C] 
W  weight of solution [g] 
σ  relative supersaturation [-] 
τ  dimensionless time [h] 
 
<Subscripts> 
0 = initial condition 
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t = at time t 
∆t = increment time 
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Chapter 3: Constant Supersaturation Control of 
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Introduction 
 
Antisolvent-addition batch crystallization, sometimes referred to as dilution 
crystallization, is commonly used for the small-scale production of fine chemicals, 
active pharmaceutical ingredients (API), and their intermediates.  Robustness and 
accurate quality control are required to manufacture these compounds.  Especially 
in the production of final API crystals, the quality requirements with regard to 
purity, size distribution, and crystal form are very high.  We are working on APIs 
in the preclinical development stage where we often need to develop and scale up 
crystallization processes in a short period of time for on-time bulk supply and for 
larger-scale manufacturing.  Therefore, an easy and quick procedure to develop a 
robust and proper crystallization process is needed. 
The crystallization process for the compound of interest had several key 
objectives, such as impurity rejection and polymorph control.  Of these issues, 
polymorph control was the primary driving force in this study, since the solubility of 
one undesired polymorph was only 10-20% higher than that of the desired 
polymorph.  For this compound, introduction of the undesired polymorph must be 
avoided.  Therefore, an initial goal was to keep the supersaturation below a certain 
level throughout the process to avoid nucleation of the undesired polymorph. 
Although crystallization is a common subject of investigation, considerable 
experimental trial and error is still needed to develop a robust process due to the 
complexity and variety of crystallization behaviors displayed by organic compounds.  
Crystallization processes are influenced by the following factors; solubility, 
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supersaturation, seed loading, crystal shape factor, agitation, growth rate kinetics, 
nucleation rate kinetics, agglomeration kinetics, etc. (Mullin, 2001).  Incorporation 
of all possible factors into a model can lead to the need to estimate many 
parameters.  In practice, it is convenient to describe a crystallization process using 
as few parameters as possible while retaining a reasonable degree of model accuracy.  
Our purpose is to develop a simple numerical simulation of crystallization to 
understand and design a crystallization process with practical accuracy. 
There have been only a few reports on antisolvent-addition crystallization (e.g. 
Doki et al., 2002; Holmbäck and Rasmuson, 1999; Kaneko et al., 2002).  Tavare 
(1995) briefly described an optimal antisolvent-addition profile.  Otherwise, there 
have been no reports on general optimization methodologies.  He treated 
antisolvent-addition crystallization in a similar manner as cooling crystallization, 
and obtained an antisolvent concentration curve by maintaining a constant 
supersaturation, as described in Eq. (1) 
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This curve was derived under the following assumptions: no seed, linear solubility 
relation, and simple power-low growth and a nucleation rate that is independent of 
the solution composition.  Unfortunately, these assumptions are not in agreement 
with our compound of interest, for which the growth rate is a strong function of 
solvent composition and the solubility is not linear.  Therefore, we cannot use this 
curve for our compound. 
  - 48 - 
In this, we describe a sequence of experiments and a simple numerical simulation 
that predicts the experimental results, and we also calculate the optimal 
antisolvent-addition profile.  Through the recent development of an in situ 
monitoring technique (Togkalidou et al., 2002; Yu et al., 2004), it has become easier 
to obtain kinetic data.  We can quickly and reliably design a reasonable 
crystallization process with minimal experiments using on-line monitoring tools.  
This method can be applied to the antisolvent-addition batch crystallization of a 
wide range of compounds. 
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1. Modeling 
 
The model is based on basic crystallization equations.  From a practical 
perspective, to maintain a reasonable degree of accuracy, the model was simplified 
by making the following assumptions: 
• size-independent crystal growth 
• no nucleation 
• no agglomeration 
• no breakage 
• self-symmetrical crystal growth 
• uniformity within the vessel 
 
 
1.1. Liquid Phase 
 
Concentration (C) and solubility (Cs) are shown in units of [g/g(total solvent 
weight W)], which simplify the calculation since there is no need to know volume or 
density.  The dissolved solute weight (M) is thus the product of concentration (C) 
and total solvent weight (W). 
 
WCM    (2) 
 
The solubility is expressed as a function of solvent composition (Q) at a constant 
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temperature. 
 
ightsolvent we Total
 waterofWeight  Q  (3) 
 
 TCsCs ,Q  (4) 
 
The rate of solute decrease, equal to the crystal growth rate, is proportional to the 
crystal surface area (A) and the driving force of supersaturation ('C), where the 
crystal growth constant (kg) is a function of solvent composition (Q), temperature, 
agitation, size, etc.  In this study, all experiments were carried out at the same 
temperature and agitation speed, and, by assuming size-independent growth, we 
considered kg to be a function of only the solvent composition (Q). 
 
CAk
dt
dM
g '  (5) 
 
 ,...,,, sizeagitationTQkk gg   (6) 
 
We used Eq. (7) for the driving force ('C) for crystallization, as suggested by 
Mohan and Myerson (2002) from a thermodynamic perspective and in combination 
with the Burton-Cabrera-Frank crystal growth model. 
 
  2/ln CsCC  '  (7) 
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gCsCC  '  (8) 
 
Equation (8) presents the well-known power low form; however, it was not 
suitable for this study.  When Eq. (8) is used instead of Eq. (7), there is so much 
variation in (C-Cs)g with changes in C and Cs over a wide range that the value of kg 
is unstably dispersed. 
 
 
1.2. Solid Phase 
 
The weight of crystal (P) can be calculated from the initial solid weight (P0, equal 
to the seed amount), the initial solute amount (M0), and the dissolved solute (M) 
 
MMPP  00  (9) 
 
The surface area of the crystal is expressed as Eq. (10) based on the assumption of 
self-symmetrical crystal growth. 
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1.3. Simulation Algorithm 
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We made a simulation program based on the above model.  Given the initial 
conditions P0 and M0, and a solvent composition profile as a function of time (Q(t)), 
this program can be used to predict the concentration (C), supersaturation 
((C-Cs)/Cs), and growth rate (dM/dt).  The simulation program consists of simple 
step-forward calculation.  At each moment, the change in solute weight ('M) over a 
small-increment time-step ('t) can be calculated from Eq.(11), in which all values 
are derived from Eqs. (2)-(4), (6), (7), (9), and (10). 
 
tCAkM g '' '  (11) 
 
    MtMttM ' '  (12) 
 
The program calculates repeatedly until the end and gives the profiles of C, 
supersaturation, and dM/dt throughout the process.   
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2. Experiments 
 
Typical Crystallization Procedure 
 
Crystallizations were carried out in a 1-L jacketed glass vessel equipped with 
ReactIR (Mettler-Toledo K.K.), FBRM (Mettler-Toledo K.K.), a thermocouple, and 
an overhead blade stirrer.  Compound P (50 g) was dissolved in solvent (410 g) and 
heated to 60°C.  The solution was cooled to 50°C, resulting in a ca. 15% 
supersaturation solution.  Seed (1.0 g, 2 wt %, surface area = 3.0 m2/g) was 
introduced and the mixture was stirred for 30 min.  Water (200 g) was added as an 
antisolvent for several hours at a controlled rate, as described in the next section.  
The temperature and stirring speed were kept constant at 50 °C and 500 rpm 
throughout the process.  The slurry was filtered and washed with water (100 g x 2).  
The cake was blown with N2 and dried overnight under vacuum at 50°C.  Particle 
sizes were analyzed with MICROTRAC (model 9320-X100).  Crystal forms were 
analyzed with X-ray powder diffraction (X’Pert PRO MPD), and the peaks of 
undesired form were not detected in all experiments. 
The batch was monitored by ReactIR and FBRM every two minutes.  Small 
aliquots were also sampled intermittently for HPLC analysis.  IR absorbance data 
were processed, second-derivatives were taken, and smoothing was applied, and the 
results were calibrated with concentration data obtained from HPLC.  One of the 
peaks that showed a nice linear relation to the concentration was used to convert IR 
absorbance to concentration. 
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3. Results and Discussion 
 
3.1. Introduction 
 
Compound P is a typical pharmaceutical organic compound with a molecular 
weight of ca. 400 and both aromatic and heteroaromatic rings.  It dissolves well in 
polar organic solvents and scarcely dissolves in water.  Thus, in this study, the 
compound was first dissolved in polar organic solvent, and then water was added as 
an antisolvent. 
Some of the physical properties of compound P need to be obtained from 
experiments for the model calculation.  Agglomeration and nucleation were 
neglected in this study, and thus only the growth rate constant (kg) and solubility 
(Cs) are required.  First, we measured Cs and outlined the crystallization process:  
start, seeding, and end points (section 3.2).  Next, throughout the entire 
crystallization process, kg was obtained from an antisolvent spiking addition 
experiment (3.3).  Using the obtained physical properties, simulations were carried 
out under various conditions and the results were compared with the corresponding 
experimental results (3.4).  In addition, the ideal antisolvent-addition profile to 
maintain a constant supersaturation was calculated based on the same model, and 
minimal time cycles were estimated under several conditions (3.5).  
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3.2. Solubility Measurement and Outline of the Process 
 
Excess compound P was placed in a series of vials of various solvent compositions.  
The resulting vials were stirred overnight at 50 °C and the supernatants were analyzed 
by HPLC.  The results are shown in Figure 1.  A fourth-polynomial curve was fitted to 
the experimental points and the correlation between Cs and Q was obtained. 
 
2251.09982.11961.71640.120004.8  QQQQCs 234      (13) 
 
From the solubility curve, we chose the start and end points at Q = 0.08 and 0.35, 
respectively, where the solubility decreases from 0.107 to 0.004 g/g.  To achieve 
moderate supersaturation at the seed point, the initial concentration of compound P 
was set at 0.122 g/g.  
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Fig. 1. Growth rate constants (kg) obtained from an antisolvent spiking addition 
experiment and power curve fitting.
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3.3. Antisolvent Spiking Addition Experiment to Obtain kg 
 
To obtain kg throughout the entire process, antisolvent spiking addition 
experiments were carried out.  Some amount of water was added in one minute to 
attain 15-30% supersaturation.  The de-supersaturation curve was then monitored 
for a couple of hours.  This procedure was repeated at several points over the entire 
range of solvent composition.  From each de-supersaturation curve, kg at each 
solvent composition was calculated based on Eq. (5).  The results were fitted to a 
power function curve to give an equation for kg as a function of Q (Eq. 14).  This 
relation was used for the following simulations. 
 
  -1.54QQkg 23.4        (14) 
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3.4. Continuous antisolvent-addition experiments 
 
To verify the simulation program, three experiments with different antisolvent 
addition profiles were carried out.  The concentration was monitored with ReactIR, 
and the results were compared to the corresponding simulation output.  In all 
three experiments, no significant nucleation was observed on FBRM and crystals 
seemed to grow smoothly.  The three experiments had the same initial and final 
conditions as described above, i.e. the same amounts of solvent (410 g), compound P 
(50 g), and seed (1.0 g) were used, and the same amount of antisolvent (200 g) was 
then added at different rates. 
 
Case 1: Addition over 3 h in One Step 
 
To a supersaturated solution, seed (1.0 g) was added and the mixture was stirred 
for 30 min.  Antisolvent (200 g) was then added at a constant rate for 3 h.  The 
experimental results are shown in Figure 2.  Supersaturation exceeded 30% in the 
early stage due to a sharp drop in solubility at a low water composition.  The 
dashed line in Fig. 2 shows the output of the simulation.  The results agree nicely 
with the experimental results.  Thus, from the initial conditions and the 
antisolvent-addition profile, the simulation program could accurately predict the 
experimental results. 
  - 59 - 
 
Case 2: Addition over 3 h in Three Steps 
 
The initial conditions and seeding were the same as in case 1, but antisolvent was 
added in three phases at different rates over a total of 3 h.  The rate of addition 
was initially slow (30 g/h) and then increased (60 g/h and 110 g/h).  The 
experimental results are shown in Figure 3.  Supersaturation was kept constant at 
about 20% throughout the addition of antisolvent.  The corresponding simulation 
results (dashed line in Fig. 3) agreed well with the experimental results.  With the 
slow addition of antisolvent at the initial stage, solubility drops moderately, and 
thus the rapid increase to a high supersaturation, as observed in case 1, is avoided.  
Although the same amount of antisolvent was added over the same time period as 
in case 1, supersaturation remained low in case 2.  In case 2, the possibility of 
nucleation is lower than in case 1 for a lower supersaturation.  Accordingly, the 
profile for case 2 is preferable to that of case 1 for avoiding nucleation. 
 
Case 3: Addition over 5 h in Five Steps 
 
The initial conditions and seeding in case 3 were again the same as in cases 1 and 
2.  Antisolvent was added in five phases at different rates over a total of 5 h.  
Addition was started at a slow rate and then gradually accelerated (10, 20, 30, 50, 
and 90 g/h).  The total amount of antisolvent added was the same as in cases 1 and 
2, but the addition occurred over a longer period.  The experimental results are 
shown in Figure 4.  The simulation results (dashed line in Fig. 4) roughly 
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correspond to the experimental results.   Supersaturation was kept constant at 
about 15% throughout the addition of antisolvent.  With the initial very slow 
addition and longer addition period, the supersaturation profile was preferable to 
those in cases 1 and 2 with respect to the avoidance of nucleation.  
As described in the above three cases, the experimental and simulation results 
showed good agreement.  The signal-noise ratio of IR signal at low substance 
concentration range is relatively large, therefore, the error of substance 
concentration seems large in the later stage of each case.  Although the effects 
were not observed in these three cases, above a certain level of supersaturation, 
nucleation and agglomeration cannot be ignored and may deteriorate the accuracy 
of the simulation.  While this is certainly a limitation of this model, we would try to 
avoid such a high supersaturation in our crystallization process to minimize 
nucleation.  Thus, this simulation is not intended to be used under such conditions. 
Particle size data obtained with MICROTRAC and FBRM at the final stage of 
each experiment are shown in Table 1.  Assuming neigher nucleation nor 
aggregation, the calculated value of ideal growth from 4 μm seed crystals was 14.7 
μm.  The mean values of the resulting PSDs in cases 1-3 were close to that of the 
ideal growth model, which suggests that there wasno significant nucleation in these 
experiments. 
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Fig. 2.  Experimental and simulation results for case 1 
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Fig. 3.  Experimental and simulation results for case 2 
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Fig. 4.  Experimental and simulation results for case 3 
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Table 1.  Particle size information 
 
 MICROTRAC a  FBRM chord length 
 mean 
(μm) 
d95% 
(μm) 
SD 
(μm) 
 No weight 
mean (μm) 
Length wt 
mean (μm) 
seed 4 8 2    
case 1 16 32 9  23.9 39.9 
case 2 17 36 10  21.8 36.6 
case 3 16 35 10  20.3 34.4 
model 14.7      
       
a Dispersed with sonication 
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3.5. Calculation of Antisolvent-Addition Profile To Maintain a Constant 
Supersaturation 
 
Procedures for the crystallization of API compounds are usually required to 
reproducibly yield uniform-quality crystals in a minimal time cycle, i.e. 
contamination by an undesired polymorphs must be avoided, and they should 
always give a similar particle-size distribution.  To achieve these characteristics, 
nucleation should be avoided.  If a compound has polymorphs, the nucleation of 
some forms may occur above a certain level of supersaturation, and crystals 
contaminated with the undesired polymorphs may be obtained.  When nucleation 
occurs, the particle-size distribution becomes irregular and is difficult to control. 
To avoid nucleation, supersaturation should be kept in the metastable zone 
throughout the process.  However, it is usually very difficult to find the metastable 
zone for secondary nucleation.  While a very low supersaturation can be used to 
avoid nucleation, it can be very time-consuming and impractical.  Accordingly, it is 
reasonable to maintain moderate supersaturation throughout the process to avoid 
nucleation and minimize the time required for the process. 
The present model was used to calculate the optimal rate of antisolvent addition 
to maintain a constant supersaturation.  Given the initial conditions, Cs is 
calculated under the restriction that supersaturation ((C-Cs)/Cs) is constant.  Next, 
Q is calculated from a polynomial function of Cs(Q).  The subsequent sequence is 
the same as that described in section 1.3.  Thus, we obtain a concentration profile 
(C(t)) and an antisolvent-addition profile (Q(t)).  Figure 5 shows the results of the 
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calculation when the supersaturation was kept constant at 15% under the same 
initial conditions as in the above three experiments (section 3.4).  At the beginning 
of the process, the solubility curve in the region of low water content is steep and 
the crystals have a small surface area.  Therefore, the program indicated that the 
antisolvent should be added very slowly to gradually decrease the batch solubility.  
In a later stage, the solubility curve with higher water content is flatter and the 
surface area is greater, and thus antisolvent can be added more rapidly.  If the 
process follows this antisolvent-addition profile, supersaturation will be kept 
constant at 15%, and hence it shows a minimal batch time cycle under this 
restriction and the initial conditions.  In practice, the addition curve can be 
approximated by several steps of linear addition, as in case 3 in section 4.4. 
 
Antisolvent-addition profiles were calculated under various conditions (Table 2).  
While the initial amounts of solvent and solute were the same as in the above 
experiments, the amount of seed and supersaturation were altered.  The seed is 
assumed to have the same surface area per gram as the seed used in the above 
experiments.  Entries 1-3 in Table 2 compare differences in the amount of seed at 
the same supersaturation level.  The duration of antisolvent addition is reduced 
with an increase in the amount of seed.  Entries 2, 4, and 5 show the 
antisolvent-addition time with varying allowance of supersaturation.  When 
supersaturation is limited to 10%, antisolvent addition takes 6.5 hours; while in the 
case of 20% supersaturation, it takes only 2 hours.  If the metastable zone is wide 
and no nucleation occurs, the use of a high supersaturation can shorten the process 
cycle time. 
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Fig. 7.  Calculated ideal antisolvent-addition profile to maintain supersaturation 
at 15% 
 
 
Table 2.  Estimation of the batch cycle time under various conditions 
 
entry seed (wt%) supersaturation (%) time (h) 
1 2 15 4.3 
2 4 15 3.2 
3 6 15 2.7 
4 4 10 6.5 
5 4 20 2.0 
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4. Chapter Conclusion 
 
The antisolvent-addition crystallization of API was optimized by using a simple 
simulation program.  This process was designed to avoid nucleation by keeping 
supersaturation below a certain level.  This process was successfully scaled-up to a 
pilot-plant scale and gave more than 100 kg of API crystals.  In pilot-plant 
production, an antisolvent-addition procedure was designed to keep 
supersaturation under 10% to minimize the risk of generating wrong polymorphs 
which have only 10-20% higher solubility under these experimental conditions.  As 
a result, crystals of the desired form were obtained exclusively, and similar 
particle-size distributions were obtained reproducibly. 
As described above, a rapid procedure for the optimization of antisolvent-addition 
crystallization was established.  In conventional process development, many 
experiments are needed to identify a good process, which may not be optimal.  In 
this study, by measuring the growth rate constant and solubility curve in just a few 
experiments, we obtained an optimal antisolvent-addition profile by using a 
simulation.  We were also able to estimate the batch cycle time under arbitrary 
conditions.  This procedure can be easily applied to develop an optimal 
crystallization process for a wide variety of compounds. 
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Nomenclature 
 
A Total surface area of crystal (m2) 
A0 Surface area of seed crystal (m2) 
C Concentration (g/g(solvent)) 
Cs Solubility (g/g(solvent)) 
g Growth rate order 
kg Growth rate coefficient (g/h) 
M Weight of compound P dissolved in solution (g) 
Q Weight fraction of antisolvent 
W Weight of solution (g) 
P Weight of compound P in the solid phase (g) 
P0 Weight of seed (g) 
T Temperature  
U Antisolvent concentration 
 
* Subscript 0 represents the initial condition 
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Chapter 4: Observation of Secondary Nucleation in 
Drowning-Out Crystallization Using FBRM 
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Introduction 
 
For pharmaceutical products with low aqueous solubility, fine particles with 
narrow particle size distribution are desirable for enhanced oral bioavailability or 
for inhalation therapy.  One way to create fine particles is through crystallization 
while enhancing nucleation especially for compounds that have no effective milling 
techniques. 
Nucleation can be classified into primary and secondary.  The secondary 
nucleation is a nucleation process that takes place only because of prior presence of 
crystals of the material being crystallized, and has a predominant influence on the 
overall performance in industrial practices. 
Various mechanisms of secondary nucleation have been proposed, e.g., shear 
nucleation and contact nucleation.  It has been confirmed experimentally by a 
number of researchers that fluid shearing forces on growing seed crystal surface 
affect the generation of secondary nuclei.  Shamlou et al. (1990) examined particle 
size of samples of potassium sulfate removed periodically from an agitated batch 
crystallizer and concluded attrition of crystals can occur by purely hydrodynamic 
effects.  It was also well established experimentally that collisions between 
crystals, crystal-impeller and crystal-vessel internals generate secondary nuclei.  
Garside and Jarson (1978) conducted direct microscopic observation of 
impact-induced secondary nucleation by collision between potash alum crystals and 
a solid rod in both supersaturated and undersaturated solutions.  They indicated 
in their paper that the majority of the fragments produced were in the 1–10 μm size 
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range and many of the nuclei smaller than about 10 μm appear not to grow or to 
grow very slowly. 
Crystallization under the conditions of high mixing intensity, high-shear force, 
high magma density, and high supersaturation is a promising way to generate fine 
particles through a secondary nucleation process.  In our previous study 
(Kamahara et al., 2007), we proposed a new crystallization semi-batch process that 
consists of a crystallizer with an external circulation line and conducted pilot-scale 
production of the API through the process.  A schematic view of the process is 
illustrated in Figure 1.  In the middle of the anti-solvent circulation line, a t-mixer 
and high-shear rotor-stator mixing device are provided.  A solution of compound to 
be crystallized is fed through the t-mixer into the recycle loop of product slurry.   
The t-mixer is located adjacent to the inlet of a high-shear rotor-stator mixer in 
order to accomplish a high degree of supersaturation in the mixer.  In this paper, as 
a basic study of the process, behavior of secondary nucleation under a high degree of 
supersaturation is investigated by using a semi-batch crystallizer and in-line 
monitoring technique. 
Laser backscattering technique, also known as focused beam reflectance 
measurement (FBRM), was used in situ for monitoring of population trends of fine 
particles in a slurry.  It measures the chord length distribution (CLD) of particles 
in slurry, which is a function of the true particle diameter distribution. 
This technique is widely used in the pharmaceutical industry to measure changes 
in the crystal size and amount.  Fujiwara et al. (2002) applied it to detect the onset 
of nucleation and determine metastable zone.  Kougoulos et al. (2005) applied it to 
monitor the steady-state operation of crystallization kinetics for organic fine 
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chemicals in a modified mixed suspension mixed product removal crystallizer. 
In this study, FBRM is applied to detect the onset of nucleation, to estimate the 
rate of the nucleation and to observe population trends of fine particles during 
secondary nucleation. 
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Fig. 1 High-shear mixing process 
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1. Experimental 
 
1.1. Materials 
 
The API investigated in this study is a common pharmaceutical organic 
compound with a molecular weight of ca. 450 and both aromatic and hetero rings. 
Solubility of the API in water and in aqueous solutions of methanol is represented 
in Figure 2.  Solubility was determined by the isothermal method and the API was 
assayed using HPLC.  As shown in Figure 2(a), the API is insoluble in water, that 
is, water can be used as an anti-solvent in drowning-out crystallization of the API.  
Solubility of the API is 0.121 mg/ml, as shown in Figure 2(b) under the experiment 
at conditions in this study with the batch temperature of 2°C and the volume 
fraction of water/methanol is 10/1. 
  - 76 - 
 
 
 
0.0
0.2
0.4
0.6
0.8
1.0
0 2 4 6 8 10 12
Temperature [?]
C
on
ce
nt
ra
tio
n 
[m
g/
m
L]
0.0
2.0
4.0
6.0
8.0
10.0
0 2 4 6 8 10 12
Water/MeOH [v/v]
C
on
ce
nt
ra
tio
n 
[m
g/
m
L] (a)
(b)
 
 
Fig. 2 Solubility of the API used in this study: (a)5°C and (b)Water/MeOH:10/1(v/v) 
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1.2. Experimental apparatus 
 
All the experiments were performed in a Mettler Toledo RC1 reaction calorimeter 
equipped with a Lasentec FBRM D600 system, a thermocouple and a pitched blade 
stirrer.  A schematic of the experimental apparatus is shown in Figure 3.  The 
RC1 Mettler-Toledo reaction calorimeter provides accurate control of the batch 
temperature and the agitation speed.  FBRM probe was inserted into the turbulent 
zone adjacent to the agitation blade. 
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Fig. 3 A schematic of the experimental apparatus 
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1.3. Experimental procedure 
 
In this study, re-crystallization of the API from its solution in methanol was 
investigated.  Crystallization experiments were carried out in a one-liter jacketed 
glass vessel.  Distillate water (500 mL) as an anti-solvent was added to the vessel, 
and then it was cooled to 2°C.  The stirrer speed was kept at 300 rpm so that the 
batch was mixed well.  Seed (0.1–1.0 g, 173 μm mean particle size measured using 
laser diffraction analyzer (HELOS & RODOS, Japan Laser)) was added and the 
resulting slurry was aged for 10 min.  Then, 50 mL of methanol solution of the API 
(14.0–28.0 mg/mL, here in after referred to as the feed concentration Cf) was 
injected into the seed slurry adjacent to the agitating blade using a syringe with a 
long needle.  The feed of the API solution was completed in a short period of around 
7 s. 
Nucleation took place after the induction period in some experimental runs.  The 
slurry was filtered and dried under vacuum at 40°C over night.  The obtained dried 
powder was subjected to measurement of volume mean diameter, Dav, using a laser 
diffraction particle size analyzer. 
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1.4. FBRM data processing 
 
FBRM chord count in the size class 1–500 μm was measured, and the count in the 
size class 1–10 μm was considered as a representative value of fine particles in this 
study.  Induction time, nucleation rate and chord count at the end of nucleation 
were calculated from time course of FBRM chord count in the size class 1–10 μm 
through the following data processing. 
A sigmoid curve was fit to the time course of FBRM chord count in the size class 
1–10 μm with time at each experimental runs considering a, b, f0 and t0 as fitting 
parameters for Eq. (1) 
 
   ^ `ttb
aftf  00 exp1       (1) 
 
 Eq. (1) has an inflection point at t = t0.  A slope at t0 was derived by differentiation 
of Eq.(1) with respect to t and is represented by Eq. (2).  In this study, this slope 
was defined to be the rate of nucleation J. 
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 The induction period tind was derived from the point of intersection of the line 
tangent to the curve (1) at the inflection point and the line f(t) = f0. 
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  The chord count at end of nucleation, Nf was calculated using Eq. (4). 
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2. Results and Discussion 
 
2.1. Nucleation behavior 
 
 A typical example of time courses of FBRM chord count in the size class 1–10 μm 
and 1–500 μm is shown in Figure 4.  In this case, 0.1 g of seed crystals were added 
to 500 mL of 2°C water, and then 50 mL of 18 mg/mL API methanol solution was fed 
to the resulting dilute seed bed. 
While little to no increase in chord count was detected just after feeding, chord 
count started to increase after 50 min from feeding.  This means that secondary 
nucleation took place after the 50-min induction period.  The time course of chord 
count in the size class 1–10 µm is well fit to a sigmoid curve as shown by the dashed 
line in Figure 4.  In this experiment, tind is 58 min, Nf is 35940 1/s and J is 906 
(1/s)/min. 
In general, the induction time has been related to unseeded crystallization, but it 
has been reported that an induction period can also be observed when seeds are 
added in the solution (Mullin, 2001).  The nucleation just after feeding and after 
the induction period will be referred to as “first nucleation” and “second nucleation”, 
respectively, here after.  Both “first nucleation” and “second nucleation” will be 
defined as secondary nucleation because of the presence of the seeds.  However, 
especially in the case of “second nucleation”, its kinetics, a sudden burst of nuclei, is 
similar to that of primary nucleation.  The data processing, which is described in 
Section 2.4, was applied twice for each experimental run.  A series of data points 
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for 20 min from the API feeding was selected and fit to the sigmoid curve in order to 
estimate kinetic parameters of “first nucleation”, while the complete set of data 
points of each experimental run was fit for “second nucleation”. 
In all experimental runs in this study, no polymorphic change was observed by 
the powder X-ray diffraction patterns and the crystal form of crystals generated 
through the nucleation was the same as that of seed crystal (data not shown). 
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Fig. 4 An experimental example of time course of chord count (solid line) and a 
sigmoid curve fitting (dashed line, ref. Section 2.4) 
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2.2. Effect of crystallization conditions on the nucleation behavior 
 
2.2.1. Effect of amount of seed crystals 
 
The effect of the amount of seed crystals on nucleation behavior was examined.  
No seed or 0.1, 0.5, 1.0 g of seed was added to the vessel and then 50 mL of 20 
mg/mL methanol solution of the API was injected.  The resulting time courses of 
FBRM chord count in the size class 1–10μm are shown in Figure 5 and the results of 
the experiments are listed in Table 1. 
As shown in Figure 5, steep “second nucleation” was observed, while no “first 
nucleation” to indicate the nucleation just after feeding, was observed in the 
resulting time courses of FBRM chord count.  It was found that the induction 
period for “second nucleation” decreases and its nucleation rate increases as the 
amount of seed crystals increases, as shown in Table 1.  Verdoes et al. (2005) also 
compared in their paper the induction period obtained from both seeded and 
unseeded crystallization and proved the effect of seed addition on the decrease in 
induction time. 
It was found that the addition of seed crystals is effective to control the induction 
period and to enhance nucleation to produce fine crystals. 
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Fig. 5 The time courses of chord count: (#1) no seed; (#2) 0.1 g; (#3) 0.5 g; and (#4) 
1.0 g of seed crystals 
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2.2.2. The effect of the feed concentration (the degree of supersaturation) 
 
The effect of the feed concentration on nucleation behavior was examined.  The 
operating conditions are listed in Table 2.  In this study, the degree of 
supersaturation, Ss, was defined as Eq. (5). 
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Where, Cs is the solubility of the API in water/methanol (10/1 v/v) at 2°C.  The 
resulting time courses of FBRM chord count of the experiments #2, #3, #5 and #7 
are shown in Figure 6. 
It was found that “first nucleation” is negligible in the cases of experiments #2 
and #3 when the feed concentration is relatively low, as shown in Figure 6.  It was 
observed that distillate water around the tip of a syringe needle became clouded 
during feeding and the cloud disappear in a very short time.  A clear 
supersaturated solution was obtained after the feeding of API solution.  On the 
other hand, “first nucleation” is not negligible when the feed concentration is 
relatively high, as shown in the cases of experiments #5 and #7.  Generation of 
nuclei during feeding was observed, and then, supersaturated slurry of fine 
particles was obtained. 
It was also observed that chord count in experiment #5 increased slowly for 
around 70 min from feeding (see Figure 6).  Garside and Jarson (1978) investigated 
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secondary nucleation by contact between a crystal and a solid rod by direct 
microscopic observation and concluded in their paper that many of nuclei smaller 
than about 10 μm in supersaturated solution appear not to grow or grow very slowly.  
In this study, we assume that fine particles under 1 μm generated during feeding, 
which is not detectable by FBRM, grow very slowly to be over 1 μm and chord count 
in the size class 1–10 μm appear to increase slightly during induction period of 
“second nucleation”. 
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Fig. 6 Time courses of FBRM chord count: (#2) 16.0 mg/mL; (#3) 18.0 mg/mL; (#5) 
22.0 mg/mL; (#7) 26.0 mg/mL of the API solution 
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For more detailed observation of nucleation behavior, the time courses of FBRM 
chord count in different size classes are plotted in Figures 7 and 8.  Figures 7 and 8 
show the resulting time courses of FBRM chord count in experiments #3 and #5 
respectively, in the size classes 1–10 μm, 10–50 μm, 50–100 μm and 100–500 μm. 
In experiment #3, when feed concentration was relatively low, no “first 
nucleation” was observed, as shown in Figure 7(a), and after the 60–min induction 
period, the FBRM chord count in the size class 1–10 μm and 10–50 μm started to 
increase, while count in the size class 50–100 μm and 100–500 μm did not change, 
as shown in Figure 7(b).  These kinetics of nucleation can be explained by the 
primary nucleation theory. 
On the other hand, the nucleation behavior is more complicated in experiment #5 
when the feed concentration is relatively high.  “First nucleation” was not 
negligible as shown in Figure 8(a).  A short time before the “second nucleation”, the 
chord count of fine particles in the size class 1–10 μm and 10–50 μm started to 
decrease, and the chord count of larger particles in the size class 100–500 μm 
started to increase slightly.  At the moment of “second nucleation”, chord count of 
larger particles in the size class 100–500 μm started to decrease and the chord 
count of fine particles in the size classes 1–10 μm and 10–50 μm increased steeply. 
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Fig. 7 The time course of FBRM chord count when feed concentration is 18.0 mg/ml: 
(a) full-figure; (b) close-up figure: the numbers in (b) show the size class of chords, 
1:1~10 μm, 2:10~50 μm, 3: 50~100 μm, and 4:100~500 μm 
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Fig. 8 The time course of FBRM chord count when feed concentration is 22.0 mg/ml: 
(a) full-figure; (b) close-up figure: the numbers in (b) show the size class of chords, 
1:1~10 μm, 2:10~50 μm, 3: 50~100 μm, and 4:100~500 μm 
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Figure 9 shows appearance changes of the slurry in the glass vessel in experiment 
#5.  Clear seed bed (see Figure 9(a)) turned to be a white slurry just after the 
feeding of the API solution, as shown in Figure 9(b).  “First nucleation” was 
observed clearly.  A short time before “second nucleation”, the slurry became dilute 
and a translucent white slurry was observed as shown in Figure 9(c).  After the 
“second nucleation”, a denser slurry compared to the slurry obtained after “first 
nucleation” was obtained as shown in Figure 9(d). 
We considered from the time courses of FBRM chord count (Figure 8) and the 
appearance change of the slurry in the vessel (Figure 9) that when feed 
concentration is relatively high, the crystallization process has the three following 
steps.  When the API solution was fed into the dilute seed bed, several nuclei 
generated and then a supersaturated slurry of fine particles was obtained, which 
act as a seed crystal for “second nucleation”.  The newly generated fine seed 
crystals grew very slowly in the supersaturated slurry during the induction period 
of “second nucleation”.  Once fine particles under 50 μm in chord length formed an 
agglomerate with each other or original seed crystal, dispersion of agglomerates 
took place while generating an enormous amount of nuclei at the moment of “second 
nucleation”. 
 
  - 94 - 
(a) (b)
(c) (d)
 
 
Fig. 9 The pictures of the vessel in the experiment #5: (a) seed aging; (b) the time of 
solution feeding; (c) several minutes before “second nucleation”; and (d) the end of 
the experiment 
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Figure 10 shows the chord length distribution (CLD) of the slurry when 110 min 
had passed from feeding in experiments #2, #3, #5 and #7.  It was found that CLD 
had a peak at around 5 μm when the feed concentration was higher (#3, #5 and #7), 
while the slurry had a broad CLD when the feed concentration was low (#2).  We 
assume that a peak at around 5 μm in CLD results is from “second nucleation”.  
The CLD in experiment #7 had a shoulder at around 30 μm, which we believe is 
related with grown nuclei generated at “first nucleation”. 
Results of experiments are summarized in Table 2.  Nucleation rate of “second 
nucleation” is much faster than that of “first nucleation”.  Therefore, it was found 
to be important to enhance “second nucleation” to produce lots of fine particles using 
a semi-batch process as shown in this study.  It was also found that the nucleation 
rate of “second nucleation” has a maximum against the feed concentration.  It is 
thought that both an amount of newly born seed crystals at “first nucleation” and 
the actual degree of supersaturation when “second nucleation” determine the 
kinetics of “second nucleation”.  In other words, the kinetics of “second nucleation” 
was not directly related to the amount of initially added seed crystals or the feed 
concentration in this drowning-out crystallization. 
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Fig. 10 Chord length distribution of the product slurry 
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Table 1 The effect of the amount of seed crystal 
 
 
Operating conditions  Results 
 “Second nucleation” 
Seed Cf Ss  tind J Dav 
Run 
[g] [mg/mL] [-]  [min] [(1/s)/min] [μm] 
#1 0 20 15.0  143 4448 30.4 
#2 0.1 20 15.0  80 2995 29.1 
#3 0.5 20 15.0  48 6563 145.4 
#4 1.0 20 15.0  31 8957 172.4 
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Table 2 The effect of the feed concentraion 
 
 
Operating conditions  Results 
“First 
nucleation” 
 “Second nucleation” 
Seed Cf Ss 
 
J Nf  tind J Nf Dav 
Run 
[g] [mg/mL] [-]  
[(1/s) 
/min] 
[1/s]  [min] 
[(1/s) 
/min] 
[1/s] [μm] 
#1 0.1 14.0 10.5  54 139  88 58 1727 170.8 
#2 0.1 16.0 12.0  82 150  60 153 6906 212.2 
#3 0.1 18.0 13.5  66 178  58 906 35940 101.0 
#4 0.1 20.0 15.0  45 390  80 2995 44734 29.1 
#5 0.1 22.0 16.5  212 1538  81 48781 42350 25.0 
#6 0.1 24.0 18.0  432 3374  87 37577 32994 16.5 
#7 0.1 26.0 19.5  1134 3766  87 15365 24469 13.2 
#8 0.1 28.0 21.0  1304 5225  91 9639 19221 46.1 
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3. Chapter Conclusions 
 
A nucleation behavior of the API was investigated in semi-batch drowning-out crystallization.  
The effect on nucleation behavior of an amount of seed crystals and concentration of API 
solution to be fed was investigated using FBRM. 
Nucleation took place after the induction period from feeding in some experiments despite a 
presence of seed crystals in an anti-solvent into which the API solution was fed.  Also, it was 
found that an addition of seed crystals is effective to control the induction period and to enhance 
nucleation after the induction period. 
At a high feed concentration (Ss is greater than 15), generation of nuclei during feeding was 
observed and then a supersaturated slurry of fine particles was obtained.  It was found from the 
time courses of FBRM chord count that fine particles generated during feeding grew very 
slowly during the induction period and rapid nucleation took place accompanied with 
agglomeration of fine particles and subsequent dispersion with the generation of nuclei after the 
induction period. 
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Nomenclature 
 
A fitting parameter [1/s] 
b  fitting parameter [1/min] 
Cs solubility [mg/mL] 
Cf feed concentration [mg/mL] 
Dav volume mean diameter [μm] 
f(t)  sigmoid curve [1/s] 
f0  fitting parameter [1/s] 
J  rate of nucleation [1/s/min] 
Nf  FBRM chord count at end of nucleation [1/s] 
Ss degree of supersaturation [-] 
tind  induction period [min] 
t0  fitting parameter [min] 
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Chapter 5: Conclusion 
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There are mainly two objectives of crystallization process in the pharmaceutical industry as 
following, 
1) high-degree purification (impurity rejection) and polymorph control by avoiding undesired 
nucleation (supersaturation control) 
2) fine particle production utilizing nucleation. 
We worked on these objectives using in-line monitoring techniques as feature of research. 
 
As a study for achieving the objective 1) above, we developed an easy and quick optimization 
procedure, which includes computation of optimal cooling and anti-solvent addition rate using 
crystal growth kinetics model with minimal parameters, to develop a robust and proper 
crystallization process of batch cooling and anti-solvent addition crystallization (Chapter 1 and 
2). ? The developed optimization procedure is so simple and versatile that it can be applied in 
several research fields including the preclinical development stage of pharmaceuticals where it 
is often needed to develop and scale up crystallization processes in a short period of time for 
on-time bulk supply and for larger-scale manufacturing. 
 
As a study for achieving the objective 2) above, in our previous study, we proposed a new 
crystallization semi-batch process that consists of a crystallizer with an external 
circulation line as a scalable process.  As a basic study of the process, a nucleation behavior of 
the pharmaceutical was investigated in semi-batch drowning-out crystallization using in-line particle 
monitoring technique (FBRM).  We could observe and report an interesting nucleation behavior 
that rapid nucleation after the induction period took place accompanied with 
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agglomeration of fine particles and subsequent dispersion with the generation of nuclei.? ?
It was demonstrated in this study that in-line monitoring technique such as FBRM is very useful and 
essential not only for purpose of in-line process control and product quality control in the industrial 
process but also for basic study of crystallization behavior such as rapid nucleation. 
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???????????????????????????? 
??????????????? 400???????DMF/water???? 50???
20????????????????????????? 8%?? 38%???????
???????????????????????????????????????
???????????????????????????????????????
??????????????????????????????????????
?????????????????????? 17%??????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????? 15?
17μm????????????????????????????????????
???????????????????????????????????????
?????????????????????????? 
?????????????????????????????????????
??RC1???in situ FTIR??????????ReactIR?? in situ ??????
???FBRM?????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
??????????????????????????????FBRM ?????
???????????????????????????????????????
??????????????
????? FBRM?????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
??????? T ??????????????????????????????
??????????T????????????????????????????
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???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????? 
??????????????????????????????????????
?????????????????????????????????????
FBRM?????????????????????????FBRM???????
??????????????30??? 80???????????????????
???????????????????????????????????????
????????????????????????????????? 15????
??????????????????????????First nucleation??????
?????????????????????? FBRM ????????? 10 ??
?????????????Second nucleation?????????????? 19.5 ?
??????????? FBRM?????????? 4μm????????????
?????????????????????????????First nucleation???
????????????????????????Second nucleation???????
????????????????????????????? FBRM??????
????????????? 100μm??? FBRM????????????????
???????????????????????????????????????
??????????????????? 
??????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????
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